The highly efficient glycolytic enzyme, triosephosphate isomerase, is expected to differentially stabilize the proposed stable reaction species: ketone, aldehyde, and enediol(ate). The identity and steady-state populations of the chemical entities bound to triosephosphate isomerase have been probed by using solid-and solution-state NMR. The 13 C-enriched ketone substrate, dihydroxyacetone phosphate, was bound to the enzyme and characterized at steady state over a range of sample conditions. The ketone substrate was observed to be the major species over a temperature range from ؊60°C to 15°C. Thus, there is no suggestion that the enzyme preferentially stabilizes the reactive intermediate or the product. The predominance of dihydroxyacetone phosphate on the enzyme would support a mechanism in which the initial proton abstraction in the reaction from dihydroxyacetone phosphate to D-glyceraldehyde 3-phosphate is significantly slower than the subsequent chemical steps.
T he glycolytic enzyme triosephosphate isomerase (TIM) catalyzes isomerization of a ketone to an aldehyde, progressing via two successive proton transfers involving carbon acids and additional proton transfers for the attached oxygen atoms (Fig. 1 ). The precise path of the transferred proton and the identity of the reaction intermediates have been, by and large, deduced from the fate of isotopic labels (1, 2) . The existence of a stable enediol(ate) intermediate has been inferred from the loss of an isotope label from the substrate during the reaction (1, 3) ; this reaction intermediate must exist with a sufficient lifetime to allow partial equilibration of the catalytic base with the surrounding solvent. Moreover, when the reaction takes place in tritiated water the solvent's tritium is incorporated into both the substrate and product, evidence that the hydrogen of the newly formed carbonhydrogen bond is mostly derived from the solvent (4, 5) and that exchange occurs from an enzyme bound intermediate. The stereochemistry of the reaction (2) and the orientation of the substrate in the Michaelis complex (6) 
strongly suggest that the reaction intermediate is a cis-enediol(ate).
Based on a comprehensive study of isotope effects supplemented by extensive biophysical investigations of the reaction mechanism (7, 8) , Albery and Knowles (9) constructed a kinetically detailed energy profile for the reversible interconversion of substrate, product, and one intermediate subject to isotope exchange with solvent ( Fig. 1) .
This now well known reaction energy profile illustrated for the first time many of the essential elements contributing to the high catalytic efficiency brought about by enzymes (10) . For example, the free-energy profile illustrates the potential catalytic power of preferential stabilization of intermediates in a reaction. The high catalytic efficiency of TIM [almost 10 orders of magnitude compared with the reaction catalyzed by an acetate ion (11) ] is thought to arise from matching the pK a values of the intermediate and catalytic residues by using a compressed and delocalized hydrogenbonding network (6, 12) . However, based on the analysis of kinetic isotope effects mentioned above, it was argued that the high efficiency was also optimized by tight binding of the intermediate and product (differential binding) and lowering of all kinetically significant transition states (catalysis of elementary steps) (13) .
Consequently, the equilibrium ratios of the bound triose phosphates dihydroxyacetone phosphate (DHAP), triose 1,2-enediol 3-phosphate (enediol), and D-glyceraldehyde 3-phosphate (GAP) should shift compared with those of free triose phosphates in aqueous solutions (14, 15) ; i.e., the equilibrium constant of the enzymebound substrate and product will be closer to unity than the equilibrium constant of the free species. By using the rates determined by Albery and Knowles (9) for the basic kinetic model (summarized in Fig. 1 ), the steady-state population ratios E*DHAP, E*enediol(ate), and E*GAP are 0.65, 0.20, and 0.15. These ratios should be contrasted with an overall equilibrium constant for DHAP/GAP, which is 22 at 37°C, pH 7.5 (96% DHAP and 4% GAP) (16) . Preferential binding arising from matching of the reaction energy barriers is considered a theme in enzymatic catalysis and merits further clarification in this textbook example, TIM.
On the other hand, a simple accumulation of the substrate ketone on the enzyme at steady state, without any evidence for preferential binding, is supported by several other biochemical and spectroscopic observations. FTIR experiments exploring the mechanistic differences between the wild-type enzyme and active-site mutants have failed to detect GAP (or, for that matter, the bound intermediate) on the wild-type enzyme (17) (18) (19) (20) (21) , although it was suggested that a protein band obscures the GAP peak. However, GAP was observed by vibrational spectroscopy when His-95, which assists proton transfer between the oxygen atoms, was mutated to Gln or when Ser-96, implicated in controlling the pK a of His-95 and coordinating a conserved active-site water molecule, was mutated to Pro. These mutations appear to shift the equilibrium constant of the bound species accompanying a change in mechanism. The relative populations of TIM bound species were probed by using an acid quench (22) . The observed ratios of triose phosphates (DHAP, 94.5%; P i , 1.6%; and GAP, 3.9%) were close to the equilibrium values off the enzyme. Lastly, 31 P solution-state NMR studies did not report significant chemical shift perturbation of the bound triose phosphates from that of keto-DHAP, suggesting that the percentage of aldehyde-GAP is low (23, 24) . Recently, we solved the x-ray crystal structures of TIM bound to DHAP at 1.2-and 1.6-Å resolution [space groups P2 1 and P2 1 2 1 2 1 , respectively (6) ]. In all four active sites, the electron density of the bound substrate and the active-site hydrogen-bonding pattern suggest a predominance of DHAP, the ketone substrate. All of the methods described above suggest that the proposal of the preferential stabilization of the intermediate and product is not likely to be true to the extent indicated by the kinetic model from the kinetic isotope studies.
Here we use in situ magnetic resonance probes of the enzymebound substrates to test the question of whether the equilibrium concentrations are perturbed by the enzyme. This work employs solution-and solid-state 13 C NMR spectroscopy to observe the steady-state population and chemical properties of the bound species on the enzyme during catalysis. Among spectroscopic methods, NMR chemical shifts provide a singularly direct tool for identification of the chemical and electronic environment of the nucleus. The lines for the various species in this case should be well resolved, and interpretation of the shifts by theoretical calculations or comparison with databases allows for reliable assessment of the form of the substrate here. We describe analysis of the chemical species bound to the enzyme during catalysis.
Results
We examined the steady-state populations of enzyme-bound triose phosphates by using a fully 13 (25) . NMR measurements were conducted on the wild type (data not shown) and on a fully functional Trp90Tyr Trp157Phe mutant of Saccharomyces cerevisiae TIM. In the latter, two nonconserved Trp residues were mutated to retain the only conserved Trp residue located in a mobile active-site loop that shields the reaction intermediates (26). The Trp90Tyr Trp157Phe mutant is indistinguishable in activity from the wild-type enzyme (27-29) and was used in the determination of the crystal structure of TIM-DHAP (6) . The loop's 13 C-labeled Trp residue was used to probe the conformation of the loop and determine whether the ligand-bound species involve the closed, active form of the enzyme or the open, prereactive complex. The use of selectively enriched materials (for the protein and the substrate) allowed us to restrict the study to the molecules of interest, simplifying the detection of low-occupancy chemical species.
Experiments were carried out as a function of temperature by using both solid-state NMR (Ϫ60°C to 20°C) and solution-state NMR (0-15°C). As detailed below, this wide survey of sample conditions serves to address sample stability, the effect of chemical dynamics, and stabilization of low-occupancy chemical species. The spectroscopic detection of TIM-substrate complexes is frustrated by the enzyme intrinsic phosphatase activity (24, 30) , which degrades the substrates to methylglyoxal (MG) and inorganic phosphate, and necessitates that the work is carried out quickly at physiological temperatures. MG is reactive and may deactivate the enzyme; therefore, low temperatures are necessary to suppress the phosphatase activity. Lowering the temperature also slows the isomerization reaction and increases the probability of retaining the reactive reaction complex and reaction intermediates. In addition, at warm temperatures the dynamics of the system may interfere with observation of the NMR lines. The chemical interconversion between enzymatic intermediates is expected to be on the microsecond-to-millisecond time scale near room temperature (Fig. 1) . Therefore, it is likely that the spectra would evidence intermediate exchange effects, i.e., reduction in signal intensity and increased line width when the chemical and conformational interconversions occur at rates comparable to the differences in resonance condition for the species involved. Thus, an effective survey of enzyme-bound species involved the use of variable sample temperatures and made use of the strength of both solid-and solution-state NMR techniques.
The solid-state NMR experiments simplified the definitive assignment of enzyme-bound species, because the signal was detected by using 1 H-13 C cross-polarization, which is generally effective only for bound rigid species and not for mobile species in solution. In addition, the flexibility of sample conditions accessible by solidstate NMR offered the advantage of studying the complex over a broad temperature range, including subzero temperatures. Nevertheless, it is naturally of most interest to know what the populations are during optimal function at biologically relevant temperatures, and in principle the populations could be temperature-dependent. The high sensitivity offered by solution-state NMR enables short acquisition times, allowing detection of bound species at physiological temperatures in which the competing phosphate elimination reaction takes place. Also, solution-state NMR allowed us to poise the sample at conditions more similar to those under which the reaction's free-energy profile was measured, allowing comparisons with prior work. Table 1 ]. The chemical shifts for the putative reaction intermediates were estimated based on the chemical shifts of simple enols (36) . The substrates, GAP and DHAP, exist in two dominant forms in aqueous solutions: the free carbonyl form and the geminal diol (gem-diol; hydrated) form. The hydrated form of triose phosphates is the prevalent form in neutral solutions. Previous studies suggest that the free ketone and aldehyde are the substrates for the enzyme, not the hydrate forms.
31 P solution-state NMR has unambiguously shown that only the ketone DHAP peaks are broadened by the enzyme (the aldehyde GAP if present is in fast exchange with the abundant keto-DHAP and, therefore, is undetected) (23) . Enzymatic assays (37) have established that the free aldehyde is produced by the enzyme in the biologically relevant, endergonic reaction from DHAP to GAP. Similarly, in the exergonic direction from GAP to DHAP, the enzyme produces the free keto form of DHAP (38) . Because of the high selectivity of TIM's active site, the hydrated forms bind weakly as competitive inhibitors (23) . The DHAP hydrate/keto ratio is 45:55 at 20°C, pH 7.5, with a conversion rate of k hydration ϭ 3.6 ϫ 10 Ϫ1 ⅐s Ϫ1 and k dehydration 4.4 ϫ 10 Ϫ1 ⅐s Ϫ1 (38) . For GAP, the hydrate/ aldehyde ratio is 29:1, with a conversion rate of 8.7 ϫ 10 Ϫ2 ⅐s Ϫ1 in the pH range 7.3-8.6, at 20°C (37) . Therefore, the concentration of free aldehyde GAP form in near-neutral solutions of triose phosphates is negligible.
Identification of the major species residing on the enzyme was achieved by a two-dimensional solid-state NMR 13 C homonuclear correlation experiment (39) performed at Ϫ58°C (Fig. 3) . Solidstate NMR samples were prepared by precipitation of the TIM-DHAP complex with PEG or by DHAP addition to crystallized TIM. TIM's reactivity under conditions used in solid experiments was previously characterized (29), and turnover can indeed be observed above 0°C (for example, see Fig. 4 ). The main species bound to the enzyme at steady state is the keto-DHAP, with the carbonyl carbon resonating at 214.0 ppm, the hydroxyl carbon resonating at 68.8 ppm, and the other methylene resonating at 65.1 ppm. There is no evidence for a bound form of the aldehyde GAP (i.e., no second carbonyl connected to a methylene) nor for an enediol(ate) triose phosphate (which would be expected to have two correlated peaks in the 130-to 150-ppm region), nor for the side product MG (whose monohydrate and dihydrate forms have correlated peaks at the carbonyl and the 90-to 100-ppm range to 23 ppm). The limit of detection in these experiments was Ϸ1% of the major species, keto-DHAP. Binding of gem-diol-DHAP and GAP is evident at 95.4 and 92.7 ppm, respectively. However, the presence of gem-diol forms of DHAP and GAP bound to the enzyme is not necessarily related to the reaction mechanism, as established by previous enzyme kinetic studies (37) .
An NMR peak due to the aldehyde GAP might go undetected either because of low occupation or possibly because it is in chemical exchange on the enzyme matching the time scale of the experimental observation and therefore invisible (around the milliseconds time scale). Chemical exchange between the chemical species implicated in the isomerization should take place between 2 ϫ 10 Ϫ4 and 8 ϫ 10 Ϫ4 s at room temperature and presumably much more slowly in the temperature range probed in these studies. The difference in the substrate's chemical shift ranges between 60 and 140 ppm, so that 2⌬ ϳ 600 s Ϫ1 . Therefore, certain resonances may interconvert on the time scale of the experiments, leading to broadening and disappearance of relevant peaks (40) . Hence, one-dimensional 13 C solid-state NMR spectra of the substrate bound to the enzyme were collected at temperatures ranging from Ϫ58°C to 20°C (Fig. 4) .
The carbonyl peak of DHAP is at 214.0 Ϯ 0.3 ppm at all temperatures recorded (SI Fig. 6 ). The active-site compressed hydrogen-bonding environment shifts the carbonyl peak by Ϸ3 ppm relative to the value for free DHAP in aqueous solution. The spectrally congested region between 64 and 74 ppm has the bound keto-DHAP as well as gem-diol-GAP and -DHAP forms. The free aldehyde, GAP, was not detected at any temperature.
At 20°C, all peaks attributed to DHAP are missing because DHAP was converted to MG. In contrast, the reduced intensity of the substrate peaks at Ϫ10°C is most likely due to reversible chemical exchange processes interfering with the signal detection, rather than irreversible decay of the concentration, because when the temperature was lowered again to Ϫ58°C the intensity of the substrate peaks was regained. The chemical exchange process (35), and enediol(ate) (34) . Chemical shifts of the putative reaction intermediates, an enediol(ate), are estimated based on published values for other enols (36) . The methylene chemical shift is 65-66 ppm for all forms of triose phosphates. Equilibrium concentrations of free triose phosphates at aqueous solutions at pH 7.5 and 20°C are listed above the chemical structures. Fig. 3 . Solid-state NMR 13 C-13 C correlation spectra of the DHAP-TIM complex. Cross-peaks are assigned as arising from the keto form of DHAP (from 214.0 to 68.8 and to 65.1), the hydrated DHAP (from 95.4 to 68.8 ppm), and the hydrated form of GAP (from 92.5 to 73.3 and to 65.2 ppm). There is no evidence for either the aldehyde form of GAP or the putative reaction intermediate(s). Integrated intensities indicate that, depending on sample preparation, the bound hydrated GAP form is between 5% and 10% of the bound keto-DHAP. The intensities are scaled appropriately in the expansions to emphasize the relevant peaks. Spinning side bands are indicated in cyan. The spectrum was acquired by using dipolarassisted rotational resonance recorded at 100 MHz at Ϫ58°C, with a 15-ms mixing time and a 10-kHz sample rotation frequency. The sample consisted of 4.375 mN TIM, 6.5 mM [ 13 C3]DHAP, and 70 mM TEA (pH 7.1 at 4°C), precipitated by using PEG 8000.
interfering with signal detection could be the chemical reaction itself, the reversible opening of the loop, or the reversible addition of water to the ketone functionality. It is useful to note that the NMR line associated with the methylene (C3, peak at 65.1 ppm) is always the sharpest; this carbon does not partake in chemistry. This observation is consistent with the fact that, in the x-ray crystallography study of the Michaelis complex, this carbon was associated with normal thermal disorder parameters, whereas the other carbon atoms had anomalously high B factors. This peak also has the strongest intensity, again consistent with the hypothesis that the NMR lines associated with the other carbon atoms lose signal intensity due to chemical exchange processes.
The alcohol peak at 74.0 ppm was assigned to gem-diol-GAP based on cross-peaks present in the two-dimensional 13 C homonuclear correlation experiment (Fig. 3) . This peak in the onedimensional spectra could not be used as the basis of an accurate estimate of the relative concentration of the bound gem-diol-GAP because it overlapped with a sharp peak at 72.5 ppm attributed to the PEG 8000 precipitant, whose intensity is strongly temperaturedependent. The two-dimensional cross-peaks for gem-diol-GAP suggest that its concentration is of the order of 5% of the bound keto-DHAP. Both the GAP aldehyde and the enediol(ate) species were unobserved. Similarly, enzyme-bound MG was unobserved at all temperatures. We conclude that aldehyde GAP, the enediol(ate) and MG are not present on the enzyme at 1% or greater concentration. Species in solution (i.e., not bound to the enzyme) would be expected to be poorly detected or undetected in these experiments; thus, it is possible and even expected that any of these species is present but released to solution.
The isomerization reaction is initiated by the closure of an active site loop, which is responsible for positioning the catalytic residues and for protecting the labile reaction intermediates. The enzyme's sole Trp residue, positioned in the loop, was labeled in these experiments with 13 C (W167␦1) to probe whether the bound species are correlated with the closed, active form of the enzyme or with the open, prereactive complex. The Trp's environment and, hence, its chemical shift change according to the sample ligation and loop position. The closed and open loop conformations are 124.0 and 127.5 ppm respectively. These two forms are expected to be in slow exchange on the NMR time scale at 0°C (i.e., k open Ͻ 2,000 s Ϫ1 ), based on the opening rates previously reported for TIM-glycerol-3-phosphate complexes by variable temperature 19 F solution-state NMR studies (28) , as well as with T-jump fluorescence studies of TIM-glycerol-3-phosphate complexes (41). Here, both conformations of the loop are expected to be populated, because a subsaturating amount of DHAP was included in the sample and because both NMR lines are present in the temperature range from Ϫ10°C to Ϫ60°C, suggesting that the DHAP species we study are bound to the closed loop form of the enzyme. Above 0°C, the substrate was Proton-decoupled 13 C 1-pulse NMR spectra of unligated TIM at 0°C and the DHAP-TIM complex at 0°C and 15°C (recorded at 75 MHz). The broad peaks of the bound species identify the major species as keto-DHAP. Chemical shift assignments: peak 1, keto-DHAP C2; peak 2, monohydrate MG; peak 3, unligated active-site loop position (W167␦1); peak 4, ligated active-site loop position (W167␦1), peak 5, C2 gem-diol-DHAP and (overlapping) monohydrate MG; peak 6, dihydrate MG; peak 7, C1 gem-diol-GAP and (overlapping) monohydrate MG; peak 8, gem-diol-GAP C2; peak 9, keto-DHAP C1; peak 10, gem-diol-DHAP C1; peak 11, keto-DHAP C3; peak 12, gem-diol-DHAP C3; peak 13, TEA; and peak 14, MG C3. Unassigned peaks are those of the enzyme's natural abundance 13 Temperature dependence of proton-decoupled 13 C solid-state NMR spectra of the DHAP-TIM complex recorded at 100 MHz, with a 10-kHz sample rotation rate (left spectra). The spectra were acquired in the order displayed (starting with Ϫ58°C). At Ϫ10°C, the substrate peaks appear to be subject to exchange effects as indicated by the reversible intensity loss. Above 0°C, the enzyme's inherent phosphatase activity consumes the substrate. Assignment of the alcohol and methylene region is illustrated by using the spectrum acquired at Ϫ10°C (left spectra). At that temperature, PEG 8000 is absent due to internal dynamics and the gem-diol peak is resolved. Chemical shift assignments: peak 1, keto-DHAP C2; peak 2, W167␦1 unligated active-site loop position; peak 3, W167␦1 ligated active-site loop position; peak 4, gem-diol-DHAP C2; peak 5, gem-diol-GAP C1; peak 6, gem-diol-GAP C2; peak 7, PEG; peak 8, keto-DHAP C2; peak 9, keto-DHAP C3; S, spinning side band. Unassigned peaks are those of the enzyme's natural abundance 13 consumed, and, in the absence of a ligand, the loop favored the open conformation. With the predominance of keto-DHAP at low temperatures established, we next examined the enzyme-bound triose phosphates at nearly physiological temperatures, up to 15°C, which are accessible via solution-state NMR. The temperature dependence of the exchange of isotope with the solvent (25) suggests that the reaction mechanism is not significantly modified between 4°C and 30°C. Although the hydration process of free triose phosphates in solution is slow on the NMR time scale, the isomerization reaction catalyzed by TIM takes place on the time scale of the NMR experiments. To ensure that chemical species are not missing due to dynamical processes, we used different magnetic fields (7.0 and 11.7 T) and used a simple direct 13 C excitation and detection. One-dimensional, proton-decoupled, 13 C solution-state NMR spectra of TIM-DHAP are presented in Fig. 5 . Under all conditions used (pH range, 6-9; temperature, 0-15°C, and various enzyme/substrate ratios), the dominant form was keto-DHAP. At 7.0 T, the TIM catalyzed aldehyde and ketone isomerizations are expected to be in the fast limit and an average resonance position should be observed. Therefore, the existence of additional triose phosphate forms could manifest as a shift in the resonance position as a function of temperature. However, although the chemical shifts of gem-diol-GAP and DHAP resonance peaks shift slightly between 0°C and 15°C, that of keto-DHAP appears to be unperturbed as a function of temperature. It is noteworthy that the hydrate forms of the triose show quite narrow NMR lines, consistent with their being free in solution and not bound to the enzyme to any appreciable extent. As for the solid-state NMR data, these solution-state NMR data support the conclusion that keto-DHAP is the major species bound to the enzyme. In the solution-state NMR experiments, both bound and free peaks can be detected and, therefore, MG production can be monitored by following the appearance of the terminal methylene resonance at 23 ppm. As for the solid-state NMR studies, the active-site mobile loop is observed in both open and closed forms at 0°C and 15°C, providing support for the assumption that the DHAP that we detect is present on a closed-loop form of the enzyme.
Discussion
Direct spectroscopic observations of TIM-bound substrates during catalysis establish that the dominant enzyme-bound form is the thermodynamically stable keto-DHAP. This result differs from the interpretation of the reaction free-energy profile by Albery and Knowles (9) . In the isomerization reaction free-energy profile there are several transition states that are partly rate-limiting and several intermediates of free energy comparable with that of the free enzyme plus substrate or product, implying that the enzyme shifts the enzyme-substrate7enzyme-product equilibrium closer to unity than that of the free substrate7product (14) . The kinetic mechanism predicts the presence of DHAP, GAP, and enediol(ate) on the enzyme at comparable populations. In the present study, no signals associated with of the reaction intermediate(s) or the product (aldehyde-GAP) were detected during enzymatic turnover in a variety of sample conditions and variable temperatures. A small population of GAP and DHAP hydrates was observed at low temperatures; these bound species are unlikely to be relevant to the catalytic cycle. The absence of GAP on the enzyme is consistent with prior FTIR studies of the wild-type enzyme and with our crystallographic investigations of the Michaelis complex but is definitively documented here by direct and quantitative identification of all chemical species bound to the enzyme.
The predominance of keto-DHAP on the enzyme and the low occupancy of GAP suggests that, in the endergonic direction from DHAP to GAP, all steps after the initial proton abstraction are likely to be rapid. Proton extraction from DHAP is the rate-limiting step in the uncatalyzed isomerization in neutral solutions [endothermic by Ϫ26.35 kCal/mol (11)]. Several prior biochemical studies suggested that the proton abstraction catalyzed by TIM is at least partially rate-determining. (9) ruled against the proton abstraction being fully rate-limiting because such a step, on an enzyme with an intermediate that is in isotopic equilibrium with the solvent, should be characterized by discrimination against the appearance of tritium in the substrate when the reaction is run in tritiated water (4) . The low tritium discrimination for DHAP3GAP was interpreted to dictate that the reaction ratelimiting step takes place after the formation of the enzyme-product complex. On the other hand, a recent 1 H solution-state NMR study reported that the enediol(ate) is not in full equilibrium with the solvent as previously thought (43, 44) . As much as 50% intramolecular transfer of proton from GAP to DHAP and Ϸ18% from DHAP to GAP were documented. The later is considerably higher than the Ͻ6% detected by radioactivity and mass spectral analysisbased assays (3, 25) . Notably, the same study also found that partitioning of the endiol(ate) depends on the substrate identity; the reaction of the two substrates is not likely to share a common, single intermediate. We add evidence that the reaction intermediate(s) are most likely short-lived compared with turnover time and cannot be detected by NMR and that the residence time of GAP on TIM is minimal.
One conceivable mechanism that would explain concurrently all these observations is the possibility that reprotonation, when forming GAP from DHAP, occurs simultaneously with the active-site loop opening to release the product. A physical coupling between the proton transfer and loop motion/product release can be invoked by a partial or full proton transfer to the substrate's phosphate triggering loop opening. The rate of the active-site loop opening is on the order of the turnover rate and is sensitive to the chemical details of the bound ligand (28, 29, 41) . A triggered release may assist in minimizing the back conversion of the newly formed GAP to DHAP. In that context, we note that in the exergonic conversion of GAP to DHAP the high discrimination against solvent isotope uptake is consistent with chemistry protected by a water-tight active-site loop, therefore introducing asymmetry into the reversible reaction. Although different from the original interpretation of the isotope washout experiments and clearly in need of further testing, such concerted protein motion is consistent with all existing biochemical data.
The free-energy profile and proposed reaction mechanism of TIM form a key paradigm for enzymatic catalysis for their sheer depth and breadth of quantitative biophysical characterization. The experimental evidence presented here provokes a rethinking of the kinetic landscape and may compel us to integrate protein motion explicitly in the mechanism to form a comprehensive description of this catalytic system.
Methods
Enzyme and Substrate Preparation. 13 C-C␦1 W168 mutant of S. cerevisiae TIM (W90Y and W157F) was prepared by overexpression and purification as described elsewhere (29). The kinetic parameters of the mutant are essentially the same as those for the wild-type enzyme (27). Enzymatic activity was determined by the conversion of GAP to DHAP in the presence of TIM using an assay linked to glycerol 3-phosphate dehydrogenase as previously described (45) .
[ 13 C 3 ]DHAP was prepared by enzymatic synthesis from [ 13 C 6 ]Dglucose as described by Harris et al. (25) . The following modifications were incorporated in this work: The conversion of 3-phosphoglycerate to DHAP was carried out at 4°C for Ϸ1 h to minimize the production of MG. Both 3-phosphoglycerate and DHAP were purified with a fast Q-Sepharose column at 4°C with a linear gradient of 5-300 mM triethanolamine⅐HCl (TEA). Lyophilization was avoided to minimize the formation of MG; instead, DHAP was concentrated via a second Q-Sepharose column. The purity of the product was Ͼ98% as tested by 13 C NMR, with the contamination identified as MG.
NMR Samples. PEG-precipitated TIM samples were prepared in 50 mM TEA (pH 7.3 at 4°C). Typically, a 20 mM DHAP, 30% PEG 8000 solution was added to an equal volume of TIM solution (200 mg/ml), and, after brief incubation, the mixture was rapidly centrifuged at 4°C and transferred to the solid-state NMR sample holder. After mixing, the concentrations ranged between 3 and 4 mN TIM and 6 and 8 mM [ 13 C 3 ]DHAP. All sample preparations were performed at 4°C to minimize the phosphate-elimination side reaction (24) .
Solution-state NMR samples typically contained 1. (46) can potentially modify the active site. TIM was examined for covalent adducts after the completion of the NMR experiment. The buffer was exchanged several times, and a second NMR spectra was acquired; adducts that originate from the labeled substrate were 13 C-labeled. No covalent adducts were detected.
Solid-State NMR Spectroscopy. NMR spectra were acquired on an Infinityplus NMR spectrometer (Varian, Palo Alto, CA) operating at 400 MHz (9.4 T) equipped with a 4-mm, triple-resonance magic angle spinning probe (Chemagnetics T3 probe; Varian). Carbon magic angle spinning spectra were collected by using a variable amplitude cross-polarization (47) and a two-pulse phase modulation proton decoupling (48) . Background suppression was achieved by using depth pulse sequence before cross-polarization (49). 13 C- 13 C correlation spectra were acquired by using dipolar-assisted rotational resonance coupling (39) . Experiments were conducted with a 10-kHz sample rotation frequency and sample temperatures of Ϫ68°C to 10°C. The delay between scans was 2.5 s at all temperatures. The contact time during cross-polarization was 1 ms with a constant proton-spin lock field (45 kHz) used during the contact time. Proton decoupling field strength was 75 kHz. Approximately 17,000 scans were averaged for typical experiments, resulting in a total experimental time of 12 h. An exponential window function (Ϫ30 Hz) followed by a Gaussian window function (40 Hz) were applied to the time domain data. Chemical shifts were referenced relative to external adamantane at 38.56 ppm (50) .
The temperatures listed in the figures correspond to the measured value with an additional 10°C correction for heating of the sample due to mechanical spinning of the sample and proton decoupling (51) . The systematic offset was calibrated on hydrated model compounds. The final error is Ͻ5°C.
Solution-State NMR Spectroscopy. NMR spectra were acquired on a 300 DRX wide-bore spectrometer (Bruker, Billerica, CA) operating at 300 MHz (7.0 T) equipped with a 5-mm broadband liquidstate probe (Bruker) and on a DMX 500 (11.7 T) equipped with a 5-mm triple-resonance inverse-gradient probe. 13 C spectra at 125 MHz were obtained at 0°C, with 2,000 transients per hour, by using a 37.5-kHz spectral width, an acquisition time of 0.9 s, a pulse delay of 1.0 s, a pulse width of 2.8 s (30°), and broadband proton decoupling (2 kHz) (52). 13 C spectra at 75 MHz were obtained at 0-15°C, with 2,000 transients per hour, by using a 37.5 kHz spectral width, an acquisition time of 0.7 s, a pulse width of 3.5 s (30°), and broadband proton decoupling (2 kHz). Pulse delays of 1.5 s and 0.1 s were used for acquisitions at 0°C and 15°C, respectively. The number of scans for spectra presented in Fig. 5 is 18 ,100, 32,000, 24,000 (11.5, 20, and 5.3 h, respectively) for unligated TIM at 0°C, ligated TIM at 0°C, and ligated TIM at 15°C. Chemical shifts were referenced relative to external chloroform. 
